Cytotoxic T lymphocyte antigen-4 (CTLA-4) is essential for immunological (self-) tolerance, but due to the early fatality of CTLA-4 KO mice, its specific function in central and peripheral tolerance and in different systemic diseases remains to be determined. Here, we further examined the role of CTLA-4 by abrogating CTLA-4 expression in adult mice and compared the resulting autoimmunity that follows with that produced by congenital CTLA-4 deficiency. We found that conditional deletion of CTLA-4 in adult mice resulted in spontaneous lymphoproliferation, hypergammaglobulinemia, and histologically evident pneumonitis, gastritis, insulitis, and sialadenitis, accompanied by organ-specific autoantibodies. However, in contrast to congenital deficiency, this was not fatal. CTLA-4 deletion induced preferential expansion of CD4
+

Foxp3
+ Treg cells. However, T cells from CTLA-4-deficient inducible KO mice were able to adoptively transfer the diseases into T cell-deficient mice. Notably, cell transfer of thymocytes de novo produced myocarditis, otherwise not observed in donor mice depleted in adulthood. Moreover, CTLA-4 deletion in adult mice had opposing impacts on induced autoimmune models. Thus, although CTLA-4-deficient mice had more severe collagen-induced arthritis (CIA), they were protected against peptide-induced experimental autoimmune encephalomyelitis (EAE); however, onset of proteininduced EAE was only delayed. Collectively, this indicates that CTLA-4 deficiency affects both central and peripheral tolerance and Treg cellmediated suppression.
CTLA-4 | autoimmunity | tolerance | regulatory T cells | Foxp3 C ytotoxic T lymphocyte antigen-4 (CTLA-4), a member of the CD28 family, is a vital coinhibitory molecule, up-regulated by activated conventional T cells (Tconv cells) and constitutively expressed by Foxp3
+ Treg cells (1) (2) (3) . Germ-line haploinsufficiency of CTLA-4 causes lymphoproliferation and autoimmunity in humans (4, 5) , and CTLA-4 polymorphisms are associated with several human autoimmune-disorders, including Graves disease (6) , systemic lupus erythematosus (7), type I diabetes (8) , and rheumatoid arthritis (6, 9) . Moreover, anti-CTLA-4 antibody (Ab) treatment enhances tumor immunity in metastatic melanoma patients (10) but also elicits autoimmunity (11, 12) . In mice, Ctla4 germ-line deficiency produces a lymphoproliferative disorder hallmarked by multiorgan lymphocyte infiltrations, especially in the heart and pancreas, that is lethal 3-4 wk after birth (13, 14) . Moreover, CTLA-4 deficiency specifically in Foxp3 + Treg cells is sufficient to cause lymphoproliferation and autoimmune diseases including myocarditis, which is fatal at around 8 wk of age. It also leads to enhanced tumor immunity in vivo and abrogated suppressive function induced by allo-antigen in vitro. These findings collectively indicate CTLA-4 as a key molecule for Treg cell-mediated suppression (15) . However, recent reports have shown that ctla-4-deficient Treg cells exert effective suppression in mouse models of colitis and experimental autoimmune encephalomyelitis (EAE), whereas they failed to be suppressive in an adoptive transfer model of type I diabetes (16) (17) (18) (19) . These apparently conflicting results suggest that the role of CTLA-4 might vary depending on disease condition.
CTLA-4 has been shown to control immune activation via both cell autonomous and nonautonomous pathways (20) . Autonomous mechanisms include among others internal signaling that leads to cell cycle arrest (21, 22) , as well as competition with CD28 for interaction with CD80 and CD86 on antigen presenting cells (APCs) (23, 24) . In contrast, several studies show that CTLA-4-sufficient T cells, primarily Treg cells, can keep other T cells inert (1, (25) (26) (27) (28) . This nonautonomous CTLA-4-mediated regulation is at least partly dependent on control of the antigen presenting capacity of the APCs by CD80 and CD86 modulation (29, 30) or by induction of the immune suppressive agent kynurenine (31) . Apart from peripheral tolerance, it is controversial whether CTLA-4 has a role in central tolerance and selection of thymic T cells and Foxp3 + Treg cells. Some studies have not detected any differences (19, 32) , whereas others have reported an impact on negative selection (27, (33) (34) (35) . CTLA-4 has also been suggested to affect thymic quantitative output of Foxp3 + Treg cells and to broaden the T-cell receptor (TCR) repertoire of Tconv cells in TCR transgenic mice specific for myelin basic protein (17, 36) . Taken together, the function of CTLA-4 is complex and likely operates by different mechanisms on different levels of tolerance via different cell populations. Hence better-defined ways to study CTLA-4 in vivo are needed to elucidate its multiple roles.
To this end, we bred mice in which ctla-4 can be conditionally deleted by tamoxifen treatment in adulthood, thus circumventing the critical period shortly after birth when murine T cells migrate and populate the periphery. In contrast to a recent report by Paterson et al. (18) , who used a similar way of CTLA-4 deletion but saw no overt disease, we found that CTLA-4 deletion in adult mice rapidly induced aberrant immune activation, multiorgan lymphocyte infiltration, and auto-antibody production, but only mice born with Significance Cytotoxic T lymphocyte antigen-4 (CTLA-4), up-regulated by activated conventional T cells and constitutively expressed by Foxp3 + regulatory T cells, is essential for immunological self-tolerance. Because of early fatality in germ-line CTLA-4-deficient mice, the role in adulthood remains unclear. We abrogated CTLA-4 expression in adult mice and compared their phenotype with congenitally CTLA-4-deleted mice. We found that the two modes of CTLA-4 deficiency differed in resulting autoimmune disease phenotype and severity. Additionally, although CTLA-4-deficient mice had more severe collagen-induced arthritis, they were protected against peptide-induced experimental autoimmune encephalomyelitis (EAE). However, onset of protein-induced EAE was only delayed. These results taken together indicate that CTLA-4 deficiency affects both central and peripheral tolerance and Treg cell-mediated suppression.
CTLA-4 deficiency developed myocarditis and succumbed to fatal pancreatitis. Furthermore comparison of protein-induced EAE or collagen-induced arthritis (CIA) with peptide-induced EAE revealed opposing effects of CTLA-4 deletion in adulthood. Collectively, our results show that abrogation of CTLA-4 expression in adult mice induces autoimmune diseases in otherwise unmanipulated mice, that CTLA-4 has a role in regulating both central and peripheral tolerance, and that its function in autoimmune diseases differs depending on underlying disease-specific mechanisms.
Results
CTLA-4 Depletion in Adult Mice Produces Lymphoproliferation and
Autoimmunity. To study CTLA-4 in a mature adult, yet naïve immune system, we crossed mice with a floxed Ctla-4 gene (i.e., CTLA-4 fl/fl ) (15) to mice possessing the tamoxifen-inducible Cre recombinase gene at the Rosa26 locus (i.e., Rosa26
Cre/ERT2+
). Before Cre recombinase induction by tamoxifen, CTLA-4 levels were equivalent between Rosa26
Cre/ERT2+/− CTLA-4 fl/fl mice, hereafter designated CTLA-4 inducible knockout (iKO) mice, and Rosa26
Cre/ERT2−/− CTLA-4 fl/fl mice, hereafter called WT littermates, both on the C57BL/10.Q genetic background. To induce CTLA-4 deletion, 6-to 8-wk-old mice were treated with tamoxifen three times (days 0, 1, and 5). After the second injection, CTLA-4 expression was reduced by 60% in Foxp3 + Treg cells; complete and permanent CTLA-4 depletion was achieved by day 6 in all T cells, whereas CTLA-4 levels and cell composition in WT controls were unaffected (Fig. 1A) . Because germ-line Ctla-4 KO mice succumb to a fatal lymphoproliferative syndrome before weaning age, iKO mice were monitored for long-term survival (Fig. 1B) . The treated iKO mice survived more than 100 d, whereas congenital CTLA-4 KO mice produced by crossing CD4
Cre mice with CTLA-4 fl/fl mice (hereafter called cKO mice) had to be killed around 21 d of age due to a wasting disease ( Fig. 1 B and E) . However, both iKO and cKO mice were found to suffer from massive lymphadenopathy and splenomegaly ( Fig. 1 C and F) . Lymphoproliferation was mainly due to an increase in CD4 + T-cell and CD4
+
Foxp3
+ Treg cell frequencies and absolute numbers, whereas CD8
+ T cells decreased in frequency but not in absolute numbers (Fig. 1 D and G and Fig. S1 ).
Measurement of serum Ig titers revealed 4-to 10-fold increased levels of IgG, IgA, and IgE, but no increase in IgM in iKO mice, whereas cKO mice had significantly elevated serum titers of IgM, . Error bars represent mean ± SEM. Differences were considered statistically significant with a P value of <0.05 (*), <0.01 (**), or <0.001 (***).
IgG, and IgA but only very low levels of IgE (Fig. 1H) . In both iKO and cKO mice, the change in IgG titer was mainly due to increase in IgG1, although a trend toward increased IgG3 in iKO and IgG1 and IgG2b in cKO mice was also seen (Fig. 1I ). Taken together, CTLA-4 deficiency in adult mice produces immunological anomalies such as lymphoproliferation and hyperimmunoglobulinemia, which are similar to congenital and germline CTLA-4 deficiency but with some critical differences in phenotype and severity as reflected in different survivals.
Spontaneous Development of Autoimmune Diseases in iKO Mice. To further investigate the difference between iKO and cKO mice, a detailed pathologic analysis was carried out. Eight weeks after CTLA-4 deletion, iKO mice, but not WT littermate controls, frequently had substantial focal lymphocytic infiltrations around the bronchioles in the lung and also in the salivary gland, pancreatic β-islets (insulitis), and the stomach ( Fig. 2 A and B) , although heart and kidney were not affected. In contrast, all analyzed cKO mice had heart pathology, and in addition, showed severe destruction of the endocrine and exocrine pancreas ( Fig. 2 A and B) , which was likely a main cause of the fatal wasting disease observed in cKO mice. Thus, both iKO and cKO mice suffer from pathologies but in distinct sets of organs, which has impact on survival rate.
More detailed immunohistochemical analysis of affected organs of iKO mice 8 wk after CTLA-4 depletion revealed infiltrations of CD3 + T cells together with Foxp3 + Treg cells (Fig. 2C ). Moreover, both CD3
+ T cells and Foxp3 + Treg cells could be detected from the earliest stages of organ infiltration, which occurred in lung, salivary gland, and pancreas 2 wk after full CTLA-4 depletion, followed by stomach infiltration 1 wk later (Table S1 ). Hence, Tconv cells and Treg cells appeared to start to migrate from the lymphoid organs into tissue simultaneously.
In accordance with the routinely found lymphocytic infiltrations in various organs in iKO and cKO mice, we detected significantly elevated levels of auto-Ab against insulin, gastric antigen, and Ro52 [i.e., tripartite motif-containing protein 21 (TRIM21)], an auto-antigen associated with Sjögren's syndrome could be readily detected in the sera of both iKO and cKO mice (Fig. 2D) . Interestingly, although auto-Ab titers were higher in iKO and cKO animals compared with littermate controls, their avidity remained either unchanged or decreased (Fig. 2E) . Notably, anti-dsDNA and anti-colon lysate antibodies, which represent organs with no apparent pathology, were also detected in iKO mice. However, these levels were far below those of insulin, Ro52, and gastric antigen (Fig. S2) . CTLA-4 has been shown to directly regulate germinal center responses by influencing T follicular helper (Tfh) and regulatory (Tfr) populations, and indeed, iKO mice had significantly increased numbers of germinal center B cells, Tfh, and Tfr in the spleen 4 wk after depletion, whereas total B-cell frequencies were not yet affected (Fig. 2F) .
Finally, as sialadenitis, elevated auto-Ab against Ro52, and dry mouth are all signs of human Sjögren's syndrome and the first two were observed in iKO mice, we investigated salivary gland function using pilocarpine, which enhances saliva secretion. Although neither lag time nor salivary α-amylase activity was altered, the salivary flow rate was significantly reduced in iKO mice (Fig. 2G) .
Thus, both iKO and cKO mice developed histologically evident autoimmune diseases accompanied by specific autoantibodies and functional deficits of affected organs.
Activation of Treg Cells and Tconv Cells by CTLA-4 Deletion. To investigate the earliest events that result from loss of CTLA-4 in vivo, we analyzed the frequency of Tconv cells and Treg cells in the blood after tamoxifen administration. As mentioned above, our depletion strategy resulted in a gradual reduction of CTLA-4 levels (Fig. 3A) . By day 2, CTLA-4 levels on Treg cells were decreased by ∼60-80%, but Tconv cell and Treg cell frequencies were unaffected (Fig. 3B) . However, by day 6 when CTLA-4 was fully deleted, Foxp3
+ Treg cells had already increased twofold, and at the peak, day 12, up to 30% of total CD4 + T cells expressed Foxp3. Thereafter, Treg cell frequencies rapidly decreased in blood and with time approached normal levels (Fig. 3B) . These results were mirrored in lymph nodes (LNs) and spleen, although here Treg cell levels remained continuously elevated (Fig. S3) . Interestingly, Tconv cells showed delayed proliferation kinetics compared with Treg cells and did not increase in frequency until after day 6 in blood and peripheral lymphoid organs ( Fig. 3B and Fig. S3 general immune activation as Tconv cells had an activated phenotype (CD25 + CD62L low ) and were highly proliferative (Ki67 + ) already after 1 wk of full loss of CTLA-4. This activation was less pronounced in CD8 + T cells, whereas Treg cells were slightly more activated compared with WT controls and significantly more proliferative (Fig. 3C and Fig. S4 for gating strategy) . Additionally, iKO mice had elevated frequencies of IL-2, IL-4, and IL-17 but not IFNγ-producing CD4 + cells in LNs (Fig. 3D and Fig. S4 for gating strategy). This pattern of T-cell activation, proliferation, and cytokine production was still visible 8 wk after depletion (Fig.  S5) . In summary, loss of CTLA-4 in adult mice led to a preferential expansion of Treg cells, which was, however, not sufficient to circumvent activation of Tconv cells and proinflammatory cytokine production.
CTLA-4-Deficient Thymocytes and Peripheral T Cells Cause Different
Pathologies. The observed difference in organ pathology between iKO and cKO mice suggests differences in the antigen specificity of T cells. However, differences in age and related events in immune homeostasis could also be contributing factors. To exclude this possibility and investigate potential differences in the TCR repertoire, we transferred T cells from cKO, iKO, or WT littermate donors into TCRβ −/− recipients. Cells from iKO and WT donors were harvested 1 wk after complete loss of CTLA-4. At this time point, iKO LNs were already significantly enlarged, whereas total thymocyte numbers were unaffected (Fig. 4A) . CTLA-4 deficiency increased the frequencies of CD4
+ Tconv cells and Foxp3 + Treg cells, whereas CD3
+ and CD8 + populations decreased in ratio, although absolute numbers were either increased or not affected ( Fig.  4B and Fig. S6A ). In iKO thymi, no changes occurred apart from an increase in Foxp3 + Treg cell frequency, which was not reflected in absolute numbers (Fig. 4C and Fig. S6B ). On transfer into TCRβ −/− recipients, T-cell repopulation was similar between all groups, but 3 wk after transfer, the recipients of cKO LN cells started to rapidly lose body weight and eventually had to be killed (Fig. 4D and Fig.  S6C ). Recipients of WT or iKO LN cells either increased or maintained their weight, whereas recipients of iKO thymocytes began to lose body weight toward the end of the experiment (Fig.  4A) . Histopathological analysis 8 wk after transfer (or on humane scarification in case of cKO), revealed that the recipients of either cKO or iKO LN cells recapitulated lymphocyte infiltrations in the same distinct set of affected organs described in donors [Figs. 4E (see Fig. S7 for representative images) and 2B]. Importantly, iKO LN recipients did not develop any sign of heart pathology, whereas recipients of cKO LN cells developed severe myocarditis. Strikingly, iKO thymocyte recipients also suffered from myocarditis but not sialadenitis, a phenotype more similar to that of cKO LN recipients than of iKO LN recipients (Fig. 4E) . These results indicate that the inflammatory destruction of various organs in iKO and cKO mice are T cell-mediated autoimmune diseases and that the differences in phenotype and severity are not exclusively due to mere agerelated homeostatic differences. The fact that thymic and peripheral T cells from the same iKO donor caused different pathologies could suggest differences in thymic selection affecting the TCR repertoire and function of Tconv cells and/or Treg cells, although age-related developmental differences can also not be fully excluded. effective treatment of RA (40), as well as in the CIA model (41) . We therefore tested the outcome of CTLA-4 depletion in adulthood on the development of CIA. Loss of CTLA-4 before immunization with heterologous rat collagen type II (CII) led to a significant exacerbation of CIA severity, as well as an increase in incidence (Fig. 5 A and B) . This exacerbation was evident in macroscopic disease/clinical score, as well as in histological analysis of articular joints (Fig. 5C ). Furthermore, iKO mice had increased titers of anti-CII Abs compared with controls late in disease progression (Fig. 5D) . Interestingly, loss of CTLA-4 was sufficient to confer disease susceptibility in the absence of the booster immunization typically required for disease development in WT littermates ( Fig. 5 E and F) . Increased disease susceptibility in the absence of a boost was reflected by an enhanced T-cell response toward the dominant T-cell epitope (GalHyK264) in CIA as measured by IL-17A ELISPOT analysis, whereas the anti-CII Ab response was not significantly affected ( Fig. 5 G and H) . Hence, loss of CTLA-4 in adulthood confers enhanced disease susceptibility to CIA. (Fig. 6D) . Notably, iKO mice had similar numbers of total CNS infiltrating cells as controls but a lower frequency of T cells among these (Fig. 6 E and F) . However, WT and iKO mice had similar percentages of Treg cells among the infiltrating CD4 + cells, which resulted in a more than twofold increase in the Treg cell/ Tconv cell ratio in the CNS of protected iKO mice (Fig. 6G) . Similar to the CNS draining LNs, there was no significant difference in GM-CSF or IL-17 produced by CD4 + CNS infiltrating T cells; however, IFNγ was reduced in the CNS of iKO mice (Fig. 6H) .
Because loss of CTLA-4 in adulthood had opposing effects in EAE and CIA, we went on to elucidate possible reasons. We first investigated whether the difference in temporal disease course could explain the contrasting results, by depleting CTLA-4 4 wk before induction of MOG 79-96 EAE. However, iKO mice were still protected from EAE in this setting (Fig. S8) . We next used MOG 1-125 protein for EAE immunization, which has been shown to induce disease in a B cell-dependent fashion (43) . B cells are critical in CIA but less so in peptide-induced EAE, although they can modulate disease severity (43, 44) . Strikingly, although disease was significantly delayed, iKO mice immunized with MOG 1-125 protein were not protected from EAE, and incidence and severity were the same as in WT littermates (Fig. 6 I-K) .
These results taken together demonstrate that depletion of CTLA-4 in adulthood enhances autoimmune disease in some models such as CIA and prevents it in other models, for example, peptide-induced EAE. Furthermore, the deletion also produces a difference in EAE susceptibility between immunization with MOG protein or peptide, suggesting a possible regulatory effect of CTLA-4 on B-cell responses or changes in TCR repertoire in CTLA-4-deficient mice.
Discussion CTLA-4 is critical for immune homeostasis, and studies in recent years have suggested a much broader function than originally thought, including both cell intrinsic signaling on activated effector T cells and Foxp3
+ Treg cell-mediated suppression (20, 45, 46) . However, the rapid and fatal condition of germ-line ctla-4-deficient mice has hampered studies aimed to reveal the full spectra of CTLA-4-dependent tolerance mechanisms in vivo. We used an inducible Cre system and separated the role of CTLA-4 in T-cell development from that of the adult mature immune system. As a result, we found that animals devoid of CTLA-4 from birth vs. those depleted of CTLA-4 in adulthood developed separate signatures of organ pathology. Similar to previous studies in CTLA-4 KO mice, CD4-dependent CTLA-4 deficiency led to a more aggressive condition that involved both exocrine and endocrine pancreatic tissue and the heart (13, 14) . CTLA-4 deletion in adult mice did not lead to myocarditis but instead resulted in a condition related to human Sjögren's syndrome. The fact that multiorgan pathology was readily detected in iKO mice is in contrast to a recent study with a similar experimental system that reported no overt disease (18) . To fully explain this discrepancy is difficult, but possible reasons include differences in genetic background and genetic modifications as the studies use two independently generated CTLA-4 fl/fl lines and Cre recombinase expression is driven by two different promotors, which could affect the CTLA-4 depletion efficiency. Another difference can be found in MHC class II haplotype as in this study iKO mice expressed H-2 q instead of H-2 b . In any event, severe lymphoproliferation and expansion of Foxp3 + Treg cells was detected in both studies.
As lymphoproliferation is also evident in CTLA-4 cKO mice, this alone does not explain the different signatures of organ pathology in iKO vs. cKO mice but indicates that a degree of organ specificity is operating. Indeed, it has been shown that CTLA-4 KO mice have T cells specific for the pancreas (47) . Moreover, both the fact that we detected organ-specific autoantibodies and that T cells could transfer organ pathology suggest T cell-mediated autoimmunity. Interestingly, although peripheral T cells from iKO mice did not infiltrate the heart, thymocytes of the same donor did, which could
+ Treg cell development or both is not yet clear. However, it has been shown that CTLA-4 deficiency affects both conventional T cells and Treg cells by altering TCR Vα and Jα segments and the CDR3α composition in TCR transgenic mice (36) . In support, overexpression of CTLA-4 was shown to favor self-skewing of the Treg cell TCR repertoire as clonal deletion in response to endogenous superantigens was reduced (48) . Hence, lack of CTLA-4 signal may result in T cells with lower TCR avidities, which is at variance with the dogma of highaffinity autoreactive T cells causing autoimmune disease. However, this might only be true for a fraction of immunization induced autoreactive T cells, whereas the great majority of endogenous autoreactive CD4 T cells are of low affinity (49) (50) (51) . Taken together, our results suggest that the natural T-cell repertoire might be affected if CTLA-4 is absent during thymic selection and that this operates in addition to the well-established role of CTLA-4 in peripheral tolerance. It should, however, be noted that the maturation status of the peripheral immune system at the time of depletion likely also affects organ pathology. That is, T-cell transfer equaled out the effect of homeostatic expansion between neonatal and adult CTLA-4-deficient individuals but not necessarily the inherent status of other age-dependent peripheral tolerance mechanisms. Thus, although signs of myocarditis were completely absent in mice depleted of CTLA-4 at 6-8 wk of age and myocarditis was seen in CTLA-4 cKO neonates, minor heart pathology was detected in some samples from mice depleted at 4 wk of age, although it was not fatal. Again, as there likely are age-dependent differences in thymic self-antigen processing that result in distinct Treg cell populations at different ages (52) , further studies are needed to sort out the specific contributions of central vs. peripheral tolerance.
To better understand the role of CTLA-4 in peripheral tolerance, iKO mice were subjected to the induced autoimmune models of CIA and EAE. Interestingly and opposite to earlier studies that used anti-CTLA-4 blocking Ab, we found that iKO mice were protected against peptide-induced EAE (53) (54) (55) . Similar results were recently obtained in a comparable study, which may indicate that the way in which CTLA-4 is manipulated matters (18) . This study showed that lack of CTLA-4 specifically on Treg cells led to an increased Treg cell proliferation and upregulation of suppression related molecules like IL-10 and LAG-3. Moreover, expansion of Treg cell numbers has previously been shown to prevent spontaneous EAE in CTLA-4-deficient TCR transgenic mice (17) . In line with this, we detected an increase in Foxp3
+ Treg cells and elevated IL-10 production in iKO mice. Furthermore, we discovered reduced numbers of CNSinfiltrating cells but no significant difference in IL-17 and GM-CSF production both important in EAE. These findings indicate that Tconv cells were primed but prevented from migrating to the CNS, which is different from Paterson et al. that detected similar numbers of CNS infiltrating T cells. CTLA-4-deficient Treg cells, in particular in vivo activated ones, can clearly use alternative mechanisms to suppress immune responses as they can suppress anti-CD3 Ab-induced T-cell proliferation to the same degree as WT Treg cells (15, 18) . That CTLA-4 is nonetheless needed for optimal function is shown by their failure to suppress mixed lymphocyte reactions (15) . In any event it seems clear that CTLA-4 deficiency can lead to protection against peptideinduced EAE, which is likely related to increased Treg cell frequency and their use of alternative suppressive mechanisms. Importantly, however, this protection was not applicable to protein-induced EAE or CIA. Collectively this indicates that the local milieu might be important but also that the antigen itself and the immune cells involved are of significance for the function of different Treg cell suppressive mechanisms. For example, it is interesting to note that CIA and protein-induced EAE have a different dependency on B cells compared with peptideinduced EAE (43, 44, 56) , especially because CTLA-4 expressed by Treg cells is shown to be involved in restraining Tfh cells (57) (58) (59) and iKO mice have increased germinal center formation, antibody, and autoantibodiy levels. Future studies are, however, needed to specifically determine the role of CTLA-4 on B-cell responses and in EAE and CIA development.
Taken together our data show that CTLA-4 can operate on different levels of immune tolerance and that this may have dramatically different outcomes depending on the maturation status of the immune system. In addition, we demonstrate that CTLA-4 deletion can have paradoxical effects in different models of autoimmunity, which likely depends not only on the local milieu but also on the specific immune reactions involved in disease pathology. The fact that CTLA-4 is expressed by more than one cell population and exists in several isoforms, likely with different roles, creates additional complexity. This complexity, however, also generates possibilities for further improved future therapies.
Materials and Methods
Mice. CTLA-4 floxed (15) and Rosa26
Cre/ERT2+ mice (Jackson Laboratory) were backcrossed to C57BL/10Q for at least six generations. Offspring of these colonies was intercrossed to obtain Cre Intracellular Cytokine Staining. Spleen and LN cell suspensions from iKO and WT littermate controls were stimulated with 50 ng/mL 12-myristate 13-acetate (PMA), 250 ng/mL ionomycin, and 10 μg/mL brefeldin A for 4 h in vitro. Then, surface antigens were stained, and cells were fixed and permeabilized according to the manufacturer's instructions (eBioscience) and stained for Foxp3, Ki67, and intracellular cytokines.
Serology. Serum levels of IgA (Southern Biotech), IgE (BD), IgG (Jackson ImmunoResearch), IgG1, IgG2b, IgG3 (all Southern Biotech), and auto-antibodies specific for insulin, Ro52, or gastric antigen were determined by ELISA. Human recombinant insulin was purchased from Sigma Aldrich, human recombinant Ro52 was a kind gift from M. Wahren-Herlenius (Karolinska Institutet, Stockholm), and gastric antigen was prepared as described previously (60) .
The avidity of auto-Ab was determined by incubating the ELISA plates with 1 M NaSCN for 15 min before the addition of the detection antibody. The avidity index (AI) was calculated as AI = ðremaining AB at 1 M NaSCNÞ=ðBinding AB at 0 M NaSCNÞ.
Anticollagen II titers were determined by coating ELISA plates (NUNC) with 10 μg rat CII and serum diluted 1:10,000 or 1:50,000. Bound antibodies were detected with HRP-conjugated rat anti-mouse Ig κ antibody (Southern Biotech) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) substrate (Roche). The absorbance was read at 405 nm (Synergy-2). Pooled serum from immunized mice with known concentration was used as a standard. of MOG 79-96 immunized animals and stimulated with 2 μg/mL MOG 79-96 peptide for 72 h. ELISA plates (NUNC) were coated with anti-IFNγ (R46-A2) or anti-IL-17 (TC11-18H10), and supernatants were added. Bound cytokines were detected by bio-anti-IFNγ (AN-18) or bio-anti-IL-17 (TC11-8H4) followed by Eu-labeled streptavidin (PerkinElmer). Eu3+ was measured using dissociation-enhanced time-resolved fluorometry (excitation 360/40 and emission 620/40; Synergy-2). GM-CSF was assessed with DuoSet ELISA according to the manufacturer's instructions (R&D Systems).
Isolation of CNS Infiltrating Cells. Animals were anesthetized with ketamine (50 mg/kg) and medetomidine (1 mg/kg) and perfused from the heart with 20 mL PBS. Brain and spinal cord were removed, passed through a 70-μm filter followed by a 40-μm filter (Corning). The resulting cell pellet was taken up in 20 mL 30% (vol/vol) Percoll, carefully overlayed with 20 mL 70% (vol/vol) Percoll (GE Healthcare), and centrifuged at 900 × g for 20 min at 4°C without brake. CNS infiltrating cells were collected from the interphase and washed with PBS.
Histology. Fixed [4% (wt/vol) PFA] organs were dehydrated, mounted in paraffin, sectioned (5 μm), and stained with H&E. Joints were first decalcified in formic acid for 2 d. For immunohistochemistry, sections were rehydrated, demasked using citrate and heat, and stained with purified antibody against CD3 (CD3-12; AbD Serotec), Foxp3 (FJK-16s; eBioscience), or B220 (RA3-6B2; Biolegend). Detection was done using a biotinylated secondary antibody and the VECTASTAIN Elite ABC Kit (Vectorlabs) followed by visualization with DAB. For detection of CNS demyelination, mice were perfused via the heart before the collection of brain and spinal cord. Sections were stained with 0.1% Luxol fast blue overnight at 56°C, differentiated in 0.05% lithium carbonate, and counterstained with 0.1% Cresyl echt Violet for 30 s. In this way, myelin is stained in blue and neurons in violet.
Test of Salivary Gland Function. Mice were anesthesized (Ketalar/Domitor) and injected i.p. with 1.79 μg pilocarpine, and time from injection until appearance of first drop of saliva (lag time) was measured. Saliva was collected with a pipette for a period of 2 min. α-Amylase activity was analyzed using a DNS assay as described previously (61) .
T-Cell Transfer. iKO donor mice (>6 wk old) were treated with tamoxifen on days 0, 1, and 5, and LNs and thymus were harvested on day 12. WT (>4 wk old) and cKO (16 d old) donor LNs were taken without prior treatment. Single cell suspensions were generated, and 30 million unpurified LN cells or 1.3-3.4 million purified CD4
+ cells (Dynabeads Untouched Mouse CD4 Cells;
Invitrogen) were i.v. injected into TCRβKO recipients.
CIA Induction and Evaluation. CIA was induced as previously described. In short, animals were intradermal (i.d.) injected with an emulsion of 100 μg rat collagen type II (CII) (purified from the Swarm rat chondrosarcoma, as previously described) (62) in 50 μL Complete Freund's Adjuvant. Thirty-five days later, mice received a booster injection of 50 μg rCII in 25 μL Incomplete Freund's Adjuvant. Arthritis was monitored macroscopically, i.e., each red and swollen toe or knuckle equals 1 point and each red and swollen ankle or wrist equals 5 points, resulting in a maximum score of 60 points per mouse. All experiments were scored blinded.
EAE Induction and Evaluation. EAE was induced in C57BL/10.Q mice by an i.d. injection of 100 μg MOG 79-96 protein in 50 μL CFA and an i.v. injection of 400 ng pertussis toxin the same day plus 48 h later. Mice were monitored daily for clinical signs of EAE and scored on a scale of 0-5: 0 = no disease, 0.5 = weak tail, 1 = limp tail, 2 = limp tail and hind limp weakness, 3 = hind limp paralysis, 4 = hind and fore limp paralysis, 5 = moribund or dead. Half points were given when only one limp out of a set was affected.
Statistical Analysis. GraphPad Prism software was used for statistical analysis. For pairwise comparisons, either the Student unpaired two-tailed t test or Mann-Whitney test was used depending on whether the data followed a Gaussian distribution or not. For more than two groups, one-way ANOVA or the Kuskal-Wallis test was used.
